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Abstract: l’he Microrover  J;light lixpcrimcnt (Ml;liX)  is a NASA OAC”l’ flight cxpcrimcnt
which is JJ]anncd to be delivered and intc.grated with the Mars Pathfinder (M1;P) lander and
spacecraft systcm  for landing on Mars on July 4, 1997. Atkr  landing, the MI;IIX  rover is
dcp]oycd from the lander and begins a nominal 7 sol (1 sol = 1 Marlian clay) mission to
conduct a series of technology experiments, deploy an alpha proton x-ray spcctromctcr
(APXS)  on rocks and soil, and image the Iandcr. l’his mission is conducted under the
constraints of a once-pcr-sol opportunist y for command and tclcmctry  transmissions bctwccn
the lander and earth operators. As such, the MI;JiX  rover must bc capable of carrying out its
mission in a form of supervised autonomous control, in which, for example, goal locations
arc commanded and the rover navigates and safely lravcrsc~to  these locations. In this paper, . .C

the mission of the MFEX is described along with tbc on-board and ground based systems
which provide the capability for operating the vehicle.
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1. lNIROl)UC’1’10N

‘1’hc  Microrovcr  Flight I{xpcriment  (MI;l;X) is a NASA
OAC’I’ flight cxpcrimcnt which is integrated with the Mars
Pathfinder (Ml)]:)  lander and is planned for launch in a 30-
day window beginning on Dcccmbcr 2, 1996 (Shirley, 1).
1993). Aflcr landing on Mars July 4, 1997, the MI:IIX
rover is dcp]oycd from the lander and begins a nominal 7
sol mission conducting a series of cxpcrimcnts  which will
validate technologies for an autonomous mobile vehicle. in
addition, the MJ;l\X rover  wil l  deploy i ts  scicncc
instrument, an alpha proton x-ray spectrometer (APXS),  on
rocks and soil to dctcrminc  the clcmcntal  composition.

1,astly, the rover will image the M P]’ lander as part of an
cnp,inccring  assessment after landing.

2. I) I; S(RIPI’lC)N

‘1’hc M1’liX rover (see Fip,.  1) is a 6-whcclcd vehicle,
10.5kg in mass (including payload), and 6Scn1  long, 48cn1
wide and 30cn1  tall. I’hc rover is of a rocker bogic dcsi~n
(Ilicklcr,  1). 11. 1992) which allows the traverse of obstacles
a wheel diameter (13cm) in size. ILach wheel  has clcal.s and
is indcpcndcntly  actuated and geared providing for climbing,
in soft sand and scrambling over rocks. I’hc front and R>.
wheels are indcpcndcntly  stccrcd, allowing the vchiclc to
turn in place. ‘1’hc vehicle has a top speed of 0.4n~/n~in.
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I’ip,. 1. Mars Pathfinder Microrovcr

I’hc rover is powered by a 0.22sqn~ solar panel comprised
of 13 strin?,s of Ill, 5. Sn~il GaAs cells each.  ‘1’he s o l a r
panel is backed up by 9 I,iSOC1,2  1)-cell sized primary
bat(crics,  providing up to 150W-hr of energy. “1’hc
combined panel and battery system allows the rover to draw
up to 30W of peak power while the peak panel production
is 16W.  l’hc normal driving power requirement is 10W.

Rover cotnponcnts  not designed to survive ambient Mam
tcmpcraturcs  (-1 I OdcgC durinz a  M a r t i a n  ni~]lt)  am
contained in the warm electronics box (WItI\). ‘1’hc  WI;I1
is insulated with solid silica aerogcl, coated with low
cmissivity paints, and heated under computer control
during the day. ‘1’his  design allows the WILII  to maintain
components bctwccn  -40dcgC  and + 40cJcgC during a sol.

Control is provided by an integrated set of computing and
power distribution electronics. The computer is an 80C85
rated at 100Kips which uses, in a page swapping fashion,
176Kbytcs of I’JlOM and 576 Kbytes of RAM. “1’hc
computer performs 1/0 to some 70 sensor channels and
services suc}~ devices as the cameras, modcn~, motors ancl
cxpcrinlcnt  electronics.

Vchiclc motion control is accomplished throup,h the oI~/oN
switching of the drive or steering motors. An average of
motor encoder (drive) or potcntiomctcr (stccrin~)  rcading,s
determines when to switch ofl the motors. When motors
arc ofl, the computer conducts a proximity and hazard
dctcclion function, using its laser striping and carom
system to dctcrmim the presence of obstacles in its path.
“1’hc vchiclc is stccrcd  autonomously to avoid obstacles but
continues to achicvc  the commanded goal location. While
stopped, the computer also updates
distance traveled and heading using

its measurement cf
the average of the

number of turns  oftt)c wheel motors and an on-board F,yro.
‘1’his provicles at) cslimatc ofprogrcss  to tt)c p,oal location.

(~ommand  and tclcmctry  is provided by LJI 11’ radio
modems on the rover and lander. Iluring the day, the rover
regularly requests transmission of any cornrnarlds sent from
cal-th and stored on the lander. When commands arc not
available, the rover tlansmits any telemetry collected during
the last interval bctwccn conlrnunication  sessions. ‘1’hc
tclcmctry  received by the lander is stored and forwarded to
the earth. In addition, the communication systcrn is used
to provide a ‘heartbeat’ signal during vchiclc drivinp,.
While stopped the rover sends a signal to the lander. Once
acknowledged by the lander, the rover procccds to the next
stopJ~ing point along its traverse.

3. MISSION

“1’hc MI:llX mission consists of: (1) conducting a series of
experiments which valiclatc technologies for an autonolnous
mobile vehicle, (2) deploying the MI:I~X science
instrurncnt,  an alpha proton x-ray spectrometer (APXS ), on
rocks and soil, and (3) imaging, the Ml’I;  Ianckr  as pal-t C$
an cnginccring  assessment after landing. At this writing,
the MI;}~X mission plan is shown in I’ig. 2.
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3.1

3.1.1

Mars Pathfinder lander and rover: nominal 7 sol
scenario

I;ach sol irnag,cj &&takcn  by the rover and Iandcr as a
rncans of planning the next sol of operations. As a
collection these images will bc used to construct a map C$
the Iarldinp, site. ‘J’hc lander camera can be panned in
a?irnuth :i full 360dcg and in elevat ion appmxirn:itely
160dc~, providing in a scgmcntcd  form, a complete image
of the landing site. liach ima,gc segment is a 2S6 pixel
square and has a field of view of 14dcg by 14dcg. I krch
image will be provided in stereo and color at I nu-ad/pixel.
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“-)‘1’hc in~a~,(s (aken by the rover arc a series of ‘sna~ s lots’
pvmictcd  at wide zmglc of 127clc~, by 95ctcp,  at 3 mradipixcl.
“1’brcc such imap,cs (one fi on} each of the two front, stereo
capable calncras and cmc from the rmr) arc lakn at eactt
sol’s cnd of rover traverse. la ackiition,  selected images d
palcbcs  of soil, rocks  and related surface fcalures am
obtained in support of otl)cr  por[icms of the rover mission.

fiach ofthcsc  rover images can bc cor-dated to the location
ofthc  rover where the ima.gcs were taken. “1’hc location d
the rover is given by both the cm-board odometer estimate
and the location ofthc  vchiclc as derived from ima.gcs fmm
the Iandcr cameras.

3.1.2 lh.vic .%il A4cchanic.~

lnasoil san~plc,a sasingl cfrontorrearwhccl  is turned in
place, the motor current is measured and an estimate d
torque is derived. ‘1’his torque app]icd by an essentially
incompressible wheel gives an estimate of applied fomc.
I’otcntiomctcrs  at the bogies estimate wbccl  sinkagc,

Ily rc.pcating tbc cxpcrimcnt  with ctificrent front and mw
l}l~ccls,a l)cstill]ateoftl~c shear force ofthc soil, 1:, can be
dcrivcct from:

Al” (Wi-Wj)tan~ (1)

where W is a whcc] load and n is the angle of intcnlal
fl iction as cstimatcci from the wheel sinkag,c. A model of the
soil (cc]uation (4)) then can bcderivcct  from :

1’= CA -1 Wtano (2)
tA = CA + pA tan o (3)
t= c+plano (4)

where A is t}ic W}ICC1  contact area, c the soil co}lcsion,  p t})e
tire ground pressure, and t tbc shear strength of the soil.

Oncc (hc parameters rcprcscnting  the soil am dcvclopcct, a
fit to a simplified model of a vchiclc in interaction with soil
will provictc estimates of rolling resistance, sinkagc  and
traction (Ilckkcr, M. G. 1969).

3.1.3 Ikmi Reckoning Sensor Petformonce and l’o[h
I(ecotl<vlrt[cf  iotl/Rcco\jery

l)urinp,  traverses the rover updates its position using
estimate of position (as cicrivcd from an avcraF,c of wbccl
cncodcr  values) and hcacting (as derived from the rate gyro).

/
C)ncc pcr sol, the Iandcr will image the vchiclc  position,

?
providing an opportunist y for a c.orrcct  ion of the cst i mat or ol~,’
bird the rover through a commanded parameter update.

‘1’hc tc]crnctry logp,cd by the rover during lravcmcs inc!u(ic
mcasurcmcnts  of the vchiclc o d o m e t e r , oricntat  ion,
articulation, and tilt (as ptovicicd  by a set of 3 single axis
accclcrornctcrs). In addition, at approxitnatcly  each 10Scc
interval oftravcrsc,  the rover stops and cxcrciscs  its bazarci

avoidance systcm.  A si~arsc map of obstacic  dis[anccs an(i ~,
bcigbts  in flcmt oftbe  vci]iclc is dcvclopcd and used by the
vchicic to avoid a trafticabiiity hazard (e.g., a ilole, an
anomaious  vchicic tiit cluring traverse or a step). ‘1’his
sparse map is also i~art ofthc  vci]icic tcicmctry.

Oncc gathered and analyzed, the tcicmctry  provides a means
of reconstructing the path travcrsc(i  by the vch icic. in
addition, since the path actualiy traversed by the vcilicie
wiii vary fiotn the commanded (or cxpcctcd) path, this
cxpcrimcnt  provides data which can bc used to cvaiuate the
capabilities of the sensors and algorithms of the position
estimation and hazald avoidance systems.

3.1.4 Sinkagc in Each Marlian Soil 7jIpc

At t i~c cnd of seicctcd wi]cci rotations pcrfonncd during the
soii mechanics cxilcrinlcnt,  images arc taken. ‘i’hcsc
images arc of both the rut produced by the whcci rotations
and tbc whcci sitting in the rut. la tile former ima~c an
estimate of the angle of repose of the soil can bc derived. in
the iat(cr,  an estimate of the sinkagc  can bc derived. Ikch
pt-ovidcs  another mcasurclncnt  of n (SCC 3. 1.2) dcvclopc(i
(initiaiiy) from the bo~,ic position. la the presence ofsoii  of
iow cohesion, the vaiuc of o may change based on the
number of whcci turns i>crforl~~cd and the prcscncc of ti~c
whcci in the rut. ‘1’hc  mcasurcmcnts  from t hc images wil i
assist in dctcnnining tllc iwcsencc  of this effect.

3.1.5 ldo.gging~l tetding of Vehicle I’etforttmnce I)(II[4

I )uling, vchicie opcrat ions, cnginccring  mcasurcmcnts  aJc
taken rcg,uiariy wi~ich wiii hcii) to identify, soiar army
power gcncI-ation, stored battery power usage, Pcrkmnancc
of power converters (rcgulal ion), tilcrmal Wrfor[nancc  of tbc
WIilJ, cxtcrnai vchicic tcmpcraturc,  rover/iandcr  d a t a
transfer performance, motor pcrformancc,  iocat ion cst in tat ion
and hazrrd/obstacic dctecticm.

As an cxampic, soiar array power output is monitored
through three mcasurcmcnts:  opcJl cc]] voltage, shorted
circuit ccii current and tcmpcraturc. “Ihcsc cclis and a
tcmpcraturc  sensor arc mounted OJ1 the soiar i)anc] and
sampicd  during a ~,ivcn soi. An on-board aigorithm
estimates the power availabic  fion] the solar pane] then
comi~arcs this powct against tile appropriate entry in a
s tored tabic ~,ivin~ power utilization va]ucs for eacil
commanded action (or mode) of rover operation. A
cotnmand  is not cxccutcd  until adequate power is available
from the soiar panci to support device loads. ‘itlc history -d
comn~an(i  execution and mcasurcmcnts from these sensors
provid~va record of soiar panci pcrformancc,  which wi i i vary /+
dci~cndtn~, OJI vchicic i)osition and orientation, lnission
time ancl environment condition (e.g., scc 3.1.10).

3,1.6 Rowr 7 hettnal Charocterizc~t ion

‘1’hc rover  has  7  intcrnai and 6 cxtcrna]  to tllc Wl;ll
tcmpcratur”c sensors. “ihcsc SCJISOI”S  will bc sami~lcd during,
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boll) day and night cacll sol in tracking the thcrtllal
chamclcv istics of the vchiclc.

I’hc rcwcr Will) has been constructed with a novel
insulation material, solid silica acrop,cl. I’hc operation d
the rover during the day results in clcctr’onics bcit~g
powcrccl  on. In addition, wdlcl~  the mvcr is not travcrsitip,,
available electrical energy from the solar panel is directed to
resistive hca(crs attached to the Iargcs[  thermal mass in the
Wl;ll,  the batteries. I’hc resultant heat generated is trapped
within the WI;IJ  during the day then allowed (o soak
during the night. I)uring characterization tests, the WI;]]
design has shown ICSS than a 2W thermal Icak with the
rover capable of developing, more than 50W-hr of energy fm
heating durinp, the day. I’hc monitoring of tcmpcraturcs
intcrna] to the WI;fl oJl Mars Will Verify these leSll!tS.

‘1’he dist ribut  ion of the Cxtcma] tcmpcraturc  Sensors or) the
rover : one with each canlcra, onc with each front wheel,
a n d  o n e  on the solar panct, p r o v i d e  cslimatcs of
atmosphere, p,round and sky tcmpcraturcs  (rcspcctivc]y).
“1’hcsc nlcasurcmcnts  will supplement those taken at the
Iandcr f o r  cletcrmining atn~osphcric  structur-c a n d
n~ctecmrlop,y.  [n addition, they will assist in the WIil\
pcl-fonnance analysis through measurement of the cxtcmal
environment at the rover.

3.1.7 Rover Itmgitg Scmor  l’crforttumce

I;nginccring  tclcmctry  gathered during travel-scs arc the
primary means for the reconstruction of paths taken by ttlc
rove]- across the temain and cvrrlaation  of the navigation and
lwmi avoidance syslcrns  (see 3.1 .3). in support of these
enp,inccrinp,  mcasurcmcnts,  the rover and Iandcr  carncrm
will image the tracks produced by the vchiclc in the soil
atlcr traverses. ‘1’hcse  images, taken once pcr sol, can be
correlated with the vchiclc tclcrnctry and the rcconstmctcd
paths to develop and refine the hamd avoidance and
navigation algorithms used on the rover.

3.1.8 (JJ II<’  link l.&cctiwnes.v

I’hc rover routinely communic.atcs with the lander,
transmitting tclcmctry  and rccciving commands. I’crrain
characteristics, distance, and tcrnpcraturc (of the cquiprncnt)
can effect these transmissions. ‘1’hc number and t ypcs of data
transfer errors will bc logged and can bc correlated with the
rover location at the site to develop a rnodcl  of the U1 11:
link cffcctivencss.

3 .  I. 9 h40(criol Abrasirw

Replacing, a band of cleats on onc of the middle wheels of
the rover is a pattern of strips of materials : a black rufcrcncc
material, aluminum, platinum and nickel. In an cxpcrimcnt
this midd]c  whcc]  is rotated in the soil while the oLltput is
sarnplcd fiorn a solar CCII Iocatcci near this wheel and in
view ofthc  materials. Jtcflcctcd  light from the materials as
measured by the solal cell can bc correlated to the an~oLlnt

of abrasio[l  caused by Mar[ial] soil
travel. J’rcm exr)crimcmts  conducted

pcr distance of lVIICC1
on eatlh a cornr>arison

to several know;]  soil types cat) bc made.

3.1.10 h4a[(,tial Acliwretzce

An open solar cell, a shorted solar CCI1  ancl a tcnq>crxturc
sensor located on the solar panel rcprcscnt the
instrumentation usccl to monitor and estimate the electrical
power production of the panel. Jn addition, a memory
recta} actuated c]car cover is ]11 OLJntCd over the shorted so]ar
CCII ar~d a stack of two quartz crystal monitors arc mounted
nearby adding to the iflStrLltl)Cr)tat  iOrl package. At ]east once
pcr sol, the output from shorted CCII is measured with and
without the cover. 3 ‘hc diffcrcncc  in ccli production
depends on the an\oLrnt  of dust accumulated on the cover
(and thereby the solar panel). I’hc deposited clust is
measured by the quartz, crystal monitors. ‘1’hc  correlation
bctwccn the amount of dust and CCII output measure the
effect of dust OJI so]ar panel performance during lhc mission.

.?. 2 A’r’xs

‘I”hc A]Jxs and the visible and near inkrrcd  fiitcrs  ort the
l a n d e r  imaginp,  systcrn  wi l l  dctcrminc  the clcmcntal
composition and constrain the mineralogy of rocks and
other surface materials at the landing site. “1’hc rover places
the A1’XS sensor head on rocks, soil surfaces, in holes dug
by the whcc]s  and against rocks that have been abraded by
the rover cleats. Close-up images of the sites of AJ’XS
sensor placement ~wovidcd by the rover cameras will cnab]c
millimeter resolution of the sampled areas (rock faces, soil).
‘1’hc APXS is pianncd to bc placed against onc rock stud oJt
cme soil surface dLlrinp, the fil-sl 7 sols of rover operation. la
an cxtcndcd mission many locations arooncl the landing site
will bc so samplccl. As a final n~casurcrncnt,  the rover will
place the AI’XS  on a strip of rnagnctic targets attacJlcd to
the edge of the rover ramps.

‘1’hc A1’XS  consists of alpha particle sources and detectors
for back scattcrcd  alphas particles, protons arLd x-rays. ‘1’hc
AJ’XS clctcrmincs clcmcntal  chemistry of surface materials
for most major clcmcnts  cxccpt hydrogen. I’hc approach
used is to expose the rnateria]  to a known radioactive soLlrcc
of alpha energy. ‘1’hc acquisition of rctLlrncd c]astically
scattcrcd  alpha particles, alpha-proton nuclear reactions and
x-rays duc to the cxcitatirm of the atomic strLlcturc of atoms
allow identification and determination of the amounts of
most chemical clcmcnls.

3.3 )mder  As.w.wmtII

t)urillg the mission, the rovc~ cameras will bc used to
irnagc portions of the Iandcr.  ‘1’hc  nominal plan is to clircc(
the rover at the [andinp, site to traverse around the Iandcr.
l~ach sol, onc of the end-of-traverse images taken by the
rover will contain a portion of the Iandcr.  At the cnd of the
series of traverses, an irnap,c of the lander can bc piccccl
together from the set of imap,cs.



4. 01’l~RA’1’ION

l’hc opcraticm flow for lhc rover is driven by a daily
command load from earth via the lanctcr. ‘1’hesc  commands

arc p,cncratcd  at the rwcr control station, a silicon g,raphics
workstation which is a parl of the M 1’1: ground control
operation. At the end of each sol of rover traverse, the
camct-a systrm on the lander takes a stereo image of the
MI’l;X vehicle in the terrain. I’hose  images, portions of a
terrain panorama and supporting images from the rover
cameras arc also displayed at the control station. I’hc
operator is able to designate on the displaycct  image(s)
points in the terrain which will serve as goal locations fm
row traverses (Wilcox, B. et. al. 1986). ‘1’hc  coordinates
of these points arc transferred into a file containing the
commands for execution by the rover on the next sol, in
addition, the operator can usc a model which, when
overlaid on the image of the vehicle, measures the location
and heading of the vehicle. ‘this information is also
transferred into the command file to bc sent to the rover on
the next sol to correct any navigation errors. I’his
command file is incorporated into the lander command
s[tcarn and is scat by the Ml’}J ground control to the lander
for transmission to the rover.

l{r~g,inccring tclcmctry which is transmitted from the rover
to the lander is t~ansrni[lcd  back to earth on a priority basis,
cnsurin~  that the most critical tclcrnctry is transmitted on
the sarnc sol as it is collcctcd. Among such tclcn~ct[y  will
bc Iandcr ima~cs and rover position data nccdcd to develop
tllc ncx( sol’s  command sequence.  All  cnginccring
tclcmctty is placed in the gyound data sys[cm, a data base
that allows access to data by type, tirnc, and olhcr sorting
paramctcl-s.  Analysis of this tclcrnctry is condLictcd through
workstations, accessible to rover cnginccring  personnel.

la this tclrmctry  analysis an engineering goho-go  decision
is rcachcd concerning the execution ofa nominal “next sol”
scqucncc of rover activities (e.g., scc Fig. 2 for the first 7
Sols). In the presence of a “go”, a brief review of the
mission objectives of the next sol of rover operation is
pcrforrncd bc rncrnbcrs  of the cxpcrirncnt teams. Any
rnodiflcation  of targets of opportunity (e.g., locations fw
soil n~cchanics experiments, rock selected for c~entual
placcrncnt of the AI>XS)  based on a review of the images
from the prior sol is evaluated as part of a traflicability  and
mission time assessment performed by cnginccring
pcrsonnc] and the rover operator. An agrccrncnt on the
targets of opportunity results in an update (perhaps) of the
scqucncc of rover activities. ‘l’his update is used by the
rover operator to prepare the command scqucncc fin
subnlission to the rover. A review of the sequence (in a
human readable form) by expcrirncnt and cnginccrins
pcrsonnc]  both for the rover and the MPI: mission
rcprcscnts  the final check (and edit) before transmission.

5. AU”l’ONOMOIJS  CON”I’1<01 /

la or-dcr to accomplish the mission objectives, tllc mvcr
must traverse cxtcndcd distances within the vicinity of the
lander. I’hc once-pcr-sol con~manding  strategy of the
mission require that the rover perform these tr-avrmcs
essentially unsupervised by earth-bawd mission control.
l’hc MI;l~X  rover uses a strategy of on-board autonomous
control which allows the con~rnanding  of high-level, goal-
oricntcd cornmancts  supported by a hamrd avoidance system
(Gat, Ii. ct. al., 1994; Wilcox, 11. et. al. 1988). la this
system the rover attempts to dctcrminc  where to go, clrivc
toward the location, avoid obstacles along the route and
dccidc when (or io it has made suft~cicnt progress to the
goal. in the following sections the key functions which
irnplcrncnt this control strategy arc briefly discussed.

.5.1 Navigotiotz

‘1’hc  rover performs a traverse by cxccut  ing, a
“go- to_ waypoint”. l’his con~rnand is paramctcrizcd by a
coordinate, the g,oal location, rcfcrcnccd  to a lander-ccntcrcd
coordinate systcn~. I)rrring  the traverse, the rover must
regularly and autonomously update its position relative to
the lander to dctcrminc (at a nlinirnum) if it has rcachcd the
goal location. I’his  update is accomplished through the
processing of a cornbinat ion of on-board sensor
n~casurcrncnts.  ‘1’hc  vchiclc oclornctcr is upciatcd using, the
encoder reading on the wheel actuators. A sing,lc encoder
count is registered each time the motor shaft of the actuator
complctcs a revolution. As the wheel motors arc driven,
the counts accumulated on each of the six wheels arc
averaged to dctcrminc  a change in the odornctcr. l’his
avclagcd value is used to update the estimated vchiclc
position in the Iandcr-ccntcred cocwdinatc system.

“lo change hcaciing the rover cxccutcs a command to
“turn”, which is pararnctcrizcd with either a heading
relative to a rcfcrtncc  vector in the lander-ccntcrcd
coordinate syslern  or to an angle relative to the current rover
heading. “1’o achicvc a ncw heading, the four outside wheels
arc cocked to a ‘steer-in-place’ orientation through driving
the steering actuators to the appropriate position m
rncasurcd by the potcntiomctcrs on each actuator. I’hc
vehicle is then driven until the cornrnandcd orientation is
achieved as measured from the rate gyro. l’his rate gyro is
mounted to align its sensitive axis along the nornina]
vertical axis of the vchic]c, allowing such an oricntat  ion
rncasurcrncnt  to bc made. Once the cornrnandcd orientation
is achicvcd,  the integrated angular rncasurcmcnt  from the
gyro is used to update the vehicle heading rcfcrcncc,

5.2 Trcwersc  L’otntnatlding

‘1’hc “go_ to waypoint” and “turn” commands am
dcvclopcd by the rover  operator using the once each sol
stereo image of the rover taken by the Iandcr  camera. l’hc
operator can select Iocat ions on this image (or addil ional
portions of a panorama as available) which rcfcrmccct in
lander-ccntmd coordinates become the P.oal locations fw
these commands. ‘1’hcsc  select ions a;c at a sLlflicicnt
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resolution to (frotn  tllc pcmpcctive  of the operator’) reach the
objcc~ive rlf the tmvcrsc and avoid obvious hazrrcts  in the
process.

5.3 I[cmrd  Avoidance

In ac.hicving  the goal locations of its travcm  commands,
the rover must dctcrminc  a safe path for traverse at any
distance from the lander. l’hc on-board hamd detection
system provided by the front camera system and laser I ip)lt
stripers illuminate a part of the region in front of the
vchiclc. l’hc cameras, with optics tuned to the wavelength
of the lasers, image the illuminated terrain. Sclcc[cd
horizontal  lines of the image are read and processed.
l)isplaccmcnt  fron~  a straight Iinc cutting across these
horizontal lines indicates the possible prcscncc of an
obstacle in the path. The results from each laser and canlcra
imag,c are correlated to develop a sparse map of obstacle
dis(anccs  and heights in front ofthc vehicle.

‘1’hc map is then assessed to determine vehicle traffrcability:
missing scan lines intersections indicate a hole or clifl
height diffwcntial  above a threshold indicate excessive
slope, and excessive height differential of adjacent values in
the map indicate a step-type hazard. If a hazard is detected
as a result of this assessment, the rover autonomously
turns. The hamd detection and assessment is then rcpcatcd
until a clear path is identified. lhc rover is then
autonomously driven past the hazard. ‘l’he goal location
ar,ain bccomcs  the objective of the traverse and the rover
turns hack to the proper heading.

Another pari of the hazard detection fllnction  is pcrfonmd
thl-ough  an assessment oft ilt using on-board accclcromcters
(one aligned to each axis ofthc vchiclc).  A tilt rncasurcrncnt
beyond a threshold (nominally 30dcg) represents a slope
hayard:  l’hc rover turns away from the hamrd,  traverses to
beyond the haTard,  then turns back to the destination.

5.4 Traverse As.wssmnl

I ;ach ‘go- to- waypoint’ in a traverse is pararnctcrimd with a
time value for execution. This time accounts for execution
of the path to the commanded position accounting fw
hazard avoidance activities. l’hc operator selects the
amount of time based on an assessment of the tcrr’ain. 111
addition, since an objcctivc of a traverse is for the rover to
reach a location for the end-of-sol planning image fron~  the
lander camera, the aggregate time is a factor in selecting the
time associated with an individual command, d)c number of
commands issued and the mission objective. When a
command ‘limes-out’ the rover stops, dots not cxccutc
flulher traverse commands in the operative sequence, and
sends tclcmctry. Similarly, if the haTard avoidance system
does not detect a clear path within a specified threshold of
turns, the rover stops executing further traverse commands.

I)uring  the cxccut ion of any command and haTard avoidance
activity the rover updates position and orientation. An

assessment of prop,ress  to the goal location is perfbnned.
When the on-board cstirnalcs  come within a thrcsho]d  &
the ~,oal location, the rover stops, sends tclcrnctry  collcctcd
during the conmand  execution and procccds m cxccLuc the
ncx[ command in the operative sequence.

6. CONC] >USlON

As of January 1996,  the MI;l;X rover has been assembled
and dclivcrcd to the Mt’1 flight system to begin a program
of functional and environmental tests. In addition, the
engineering model of the rover will undergo a series of
detailed evaluations under a variety of terrain and
environmental conditions. During this period, data will bc
gathered which will establish the characteristics of the
vehicle, assist in tuning the pararnctcrs controll ing
autonomous control functions and help in training the
eng,inccrs  who will be operators during the MFI;X mission.

‘1’cJ achicvc its mission objectives, the MF1:X rover
executes a sequence of commands transmitted once per sol
from ground control. Given the uncertainty in knowledge
of the Martian tcrrtiin,  the commands arc goal oriented
requiring the rover to autonomously avoid hazards  and
dctcrminc  whether the objective of the command has been
achicvcd. l’hrou~h the execution of these commands,
tclcrnctry is collcctcd which provide the data for the
technology cxpcrimcnts. Selected sites arc sampled
through the A1’XS sensor. lmagcs arc taken of the
surrounding terrain and lander to construct a map of the
Ml’]’ landing site and assess the state of the Iandcr.

7. ACKNOW1.l;l)GMIIN’1”

“1’hc research dcscribc in this paper was carried out by the
J e t  P r o p u l s i o n  1,aboratory,  Ca l i fo rn i a  InstitLltc cf
I’cchnology,  under a contract with the National AcrorlaLltics
and Space Administration.

8. K1iFERI~NCIiS

Ilckkcr, M,[i. (1969). introduction to I’crrain  Vehicle
Systems, ~J. of Michigan Press, Ann Arbor.

I]icklcr,  l). B. (1992). A Ncw Family of l’lanctary
Vehicles, international Symposium on Missions,
‘1’echnologies  and I)csig,n of Planetary Mobile
Vehicles, ‘J’oulousc,  ]:rancc.

Gat, 1{. ct. al. (1 994). Ilehavior Control for Robotic
I;xplorat  ion of Planetary Surfaces, 1[;111; Journal of
Robotics and Automation, 10(4):490-503.

Shirley, 1). (1993). MIN(JR Pathfinder Microrovcr I~light
1 ;xpcrirncnt: A Status Report, Case for Mars V
Conference, Boulder, Co.

Wilcox, 11. ct. al. (1 986). Computer Aided Remote
IMiving,  AIJVS-86,  IIoston,  Ma.

Wilcox, 11. ct. al. (1988). Mars }<ovcr  1,ocal Navigation
and I Iazard Avoidance”, I’roc. S1’1[1 Conf. 1007,
Mobile Robots 111.


